Vitamin D is an important calcium-regulating hormone with diverse functions in numerous tissues, including the brain. Increasing evidence suggests that vitamin D may play a role in maintaining cognitive function and that vitamin D deficiency may accelerate agerelated cognitive decline. Using aging rodents, we attempted to model the range of human serum vitamin D levels, from deficient to sufficient, to test whether vitamin D could preserve or improve cognitive function with aging. For 5-6 mo, middle-aged F344 rats were fed diets containing low, medium (typical amount), or high (100, 1,000, or 10,000 international units/kg diet, respectively) vitamin D3, and hippocampal-dependent learning and memory were then tested in the Morris water maze. Rats on high vitamin D achieved the highest blood levels (in the sufficient range) and significantly outperformed low and medium groups on maze reversal, a particularly challenging task that detects more subtle changes in memory. In addition to calcium-related processes, hippocampal gene expression microarrays identified pathways pertaining to synaptic transmission, cell communication, and G protein function as being up-regulated with high vitamin D. Basal synaptic transmission also was enhanced, corroborating observed effects on gene expression and learning and memory. Our studies demonstrate a causal relationship between vitamin D status and cognitive function, and they suggest that vitamin D-mediated changes in hippocampal gene expression may improve the likelihood of successful brain aging.
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Vitamin D status | cholecalciferol | 25-hydroxyvitamin D V itamin D, a secosteroid hormone known for its role in bone and calcium homeostasis, is now well recognized for its many diverse functions and actions on a variety of tissues and cell types (1, 2) . Vitamin D typically refers to the precursor forms of the hormone obtained through the skin's exposure to sunlight [vitamin D3 (VitD3)] or from dietary sources (VitD3 or VitD2). A metabolite of vitamin D, 25-hydroxyvitamin D (25OHD), is a serum biomarker of vitamin D status or repletion. In recent years, there is particular concern that large segments of the population may have low levels of 25OHD, and therefore are vitamin D-deficient (3) . Due to factors such as reduced intake, absorption, and decreased exposure to sunlight, aging adults (≥50 y of age) are especially susceptible (3) (4) (5) (6) . Notably, this predisposition for lower 25OHD levels in the elderly has been linked to higher risk for numerous age-related disorders, including cancer and metabolic and vascular diseases (7) (8) (9) (10) .
Inadequate vitamin D status also correlates with a greater risk for cognitive decline in the elderly (4, (11) (12) (13) (14) (15) , suggesting that optimal levels may promote healthy brain aging (16, 17) . Because the brain expresses vitamin D receptors (VDRs) and can synthesize the active form of the hormone, the possible cognitive enhancing effects of vitamin D may reflect a primary action in the brain rather than a result of secondary systemic effects (18) (19) (20) (21) (22) . Indeed, we and others have shown that vitamin D, as well as the biologically active form of the hormone, 1,25-dihydroxyvitamin D, has direct neuroprotective actions and can reduce some biomarkers of brain aging (20, (23) (24) (25) (26) (27) (28) .
Given that the aging population is projected to increase dramatically in the near future (29) , along with estimates that a significant proportion of the elderly are vitamin D-deficient (3), there is a critical need to determine whether efforts to improve vitamin D status can reduce age-related cognitive decline. Despite calls for more definitive research along these lines (30) , few long-term intervention studies have examined the impact of manipulating vitamin D on cognitive function with advancing age. To test the hypothesis that higher vitamin D levels improve cognitive function in aging animals, middle-aged male F344 rats were placed on diets containing low, medium [National Research Council (NRC)-required], or high levels of VitD3 (or cholecalciferol) for 5-6 mo. The middle-age period was chosen because it increasingly appears to be an important window of time at which to initiate interventions designed to preserve cognitive function into the geriatric period. At midlife, subtle cognitive impairments begin to appear, along with structural and genomic changes associated with brain aging (31) (32) (33) (34) . Our results show that higher than normal dietary VitD3 may improve the chances of successful brain aging and that changes in neuronal synaptic function in the hippocampus may underlie its protective effects against age-related cognitive decline.
Significance
Higher blood levels of vitamin D are associated with better health outcomes. Vitamin D deficiency, however, is common among the elderly. Despite targets in the brain, little is known about how vitamin D affects cognitive function. In aging rodents, we modeled human serum vitamin D levels ranging from deficient to sufficient and tested whether increasing dietary vitamin D could maintain or improve cognitive function. Treatment was initiated at middle age, when markers of aging emerge, and maintained for ∼6 mo. Compared with low-or normal-dietary vitamin D groups, only aging rats on higher vitamin D could perform a complex memory task and had blood levels considered in the optimal range. These results suggest that vitamin D may improve the likelihood of healthy cognitive aging.
Results Fig. 1 provides an overview of the present study. Middle-aged rats on diets containing varying amounts of VitD3 (low, medium, or high) were trained and tested for cognitive performance. In a subset of the animals, one hemisphere was used to identify changes in hippocampal gene expression and the other was used for immunohistochemistry (IHC). The remaining rats were used for hippocampal slice electrophysiology.
Physiological Parameters and Blood Analyses. No differences in food intake (Table 1) or corresponding body weights (Fig. S1) were detected between groups throughout the course of the study. At the beginning, animals weighed ∼500 g, and they gained ∼30-60 g by the end of the study. Because vitamin D is an important regulator of bone and mineral metabolism, blood chemistry panels were used to assess the effects of dietary manipulation of VitD3 on calcium and phosphorus, among other common serum variables ( Table 1 and Table S1 ). Serum calcium and phosphorus levels were unchanged with the dietary VitD3 manipulations in this study, as were multiple markers of kidney or liver function.
To determine if dietary manipulation of VitD3 affected vitamin D status, blood levels of 25OHD were determined in a subset of animals using a blood spot LC-tandem MS (MS/MS)-based method (36, 37) . 25OHD is the most common indicator of vitamin D status because it is a stable and long-lived metabolite of vitamin D. Results showed that circulating 25OHD levels were proportional to the amount of VitD3 in the diet. For each 10-fold increase in dietary VitD3 content, circulating 25OHD levels approximately doubled, confirming that vitamin D status could be altered by dietary intake (Fig. 2) .
Morris Water Maze. After 5-6 mo of dietary VitD3 manipulation, performance in the Morris water maze (MWM) was evaluated to determine effects on spatial learning and memory. All groups learned the task equally well, as demonstrated by similar path lengths and latencies to the hidden platform during the 3-d training period (Fig. 3B ). Twenty-four hours later, memory was assessed during the probe trial (platform removed). There was no statistical difference between groups on either latency (P = 0.14) or path length (P = 0.22) (Fig. 3C) , although animals on the low VitD3 diet showed trends toward higher latencies and path lengths.
We next assessed performance using a more challenging cognitive task requiring animals to learn a new platform location (spatial reversal) (Fig. 3A) . All groups were able to learn the new location with only 1 d of training because latencies and path lengths (training day 5) were comparable to those seen during the prior task (training day 3); there was no difference between groups (Fig.  3B) . The reversal probe, conducted 72 h later (day 8), showed that rats on the high VitD3 diet reached the goal in less time and traveled shorter distances, significantly outperforming rats in the other two groups (Fig. 3D , for latency and path length). Representative path length tracings (Fig. 3E ) demonstrate the significantly better performance of the animals on the high-VitD3 diet.
Identification of Vitamin D-Sensitive Genes/Biological Pathways. For a subset of the animals, the hippocampus of each rat was processed on an individual Affymetrix microarray (n = 9 rats for each treatment group) (Fig. 1) . The hippocampus was analyzed because of its role in learning/memory and susceptibility to agerelated changes in synaptic function. After filtering for present and well-annotated gene probes (31), 10,071 genes were retained for testing. Each of these genes was tested by one-way ANOVA across all three VitD3 treatment groups, and a total of 144 genes were found to differ at P ≤ 0.005, with a false discovery rate (FDR) of 0.31 (38) ; of these genes, 128 were regulated in a VitD3 dose-dependent manner (Dataset S1). We also analyzed microarray data using a more rigorous P value of P ≤ 0.0015 and an FDR of 0.17, which yielded a total of 52 genes (shown at the top of each treatment category in Dataset S1).
To determine whether significant genes were overrepresented in certain biological categories, we further analyzed the significant genes (P ≤ 0.005) using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) bioinformatics tool (39) (40) (41) (42) . Such an approach can confer biological insight into a list of statistically significant genes and can also provide a second tier of confidence against multiple testing. That is, genes incorrectly identified by multiple testing error would be highly unlikely to group within pathways. With high dietary VitD3, the overrepresented pathways identified by the DAVID analysis (Table 2 ) included the categories of G protein-coupled receptor activity, synaptic transmission, and cell communication. Interestingly, of the multiple cell types found in the brain (e.g., neurons, astrocytes, oligodendrocytes, microglia), the genes in the high-VitD3 up-regulated pathways appear to be primarily neuronal in nature. Categories up-regulated in a dose-dependent manner with VitD3 included cation homeostasis, cytoplasmic membrane part, and calcium binding, all of which have some component related to calcium regulation/homeostasis. These latter results suggest that in addition to its established role in regulating calcium-dependent functions in the periphery, vitamin D appears to play a similar role in the brain. It is notable that many of the more highly significant genes (P ≤ 0.0015) were included in the pathways identified by the DAVID analysis (indicated in Table 2 ).
To identify genes that might be directly targeted by the VDR, we searched our list of significant genes (Dataset S1) for those genes that may contain classical VDR element (VDRE) motifs (43) . Table 3 shows the hippocampal genes that were significantly upregulated with high VitD3 and contained putative VDREs. The corresponding consensus sequences, the highly conserved nucleotides, and the quality score relating homology to the classical motif are also indicated. Several of these genes (i.e., synaptojanin 1, synaptotagmin 2, contactin 4, beta-1-syntrophin) are mostly neuronal. More definitive studies, using techniques such as ChIP, will be required to confirm whether these hippocampal genes with putative VDREs and identified using an in silico approach, do indeed contain functional VDREs.
Visualization of Vitamin D-Sensitive Targets. Several proteins (VDR, synaptojanin 1, and synaptotagmin 2) were selected for analysis by IHC. Consistent with prior studies, the presence of VDR was confirmed in hippocampal neurons (18, 19) . No difference in VDR staining was detected between groups (Fig. S2) . Synaptojanin 1 and synaptotagmin 2, which are highly representative of synaptic plasticity pathways and contain a putative VDRE, were selected to extend the gene microarray data. The IHC data validated the gene microarray results by showing a strong effect in the predicted direction for both proteins [synaptojanin 1: P = 0.05, Student t test (Fig. 4A) ; synaptotagmin 2: P = 0.03, Student t test (Fig. 4B) ].
Hippocampal Slice Electrophysiology. To determine if manipulating VitD3 status affected physiological functions related to cognition, long-term potentiation (LTP) was examined in the CA1 region of the hippocampus. The field EPSP slopes were compared before and after theta burst stimulation, and no difference in LTP between groups was observed (Fig. S3) . However, an input/output (I/O) curve, obtained by plotting progressive increases in the input stimulation against the measured evoked response, revealed a significant difference between groups (Fig.  5) . Compared with the low-and medium-VitD3 groups, the highVitD3 group had a significantly steeper I/O slope. These results suggest that high VitD3 may improve neuronal excitability, which is known to decrease with age (44) . However, this increased (Table 1) to an approximate twofold increase in 25OHD.
[F(2,24) = 55.3; n = 9 rats per group]. *P = 0.01; **P = 0.001. Reported in Table 1 of Keeney et al. (35) . responsiveness with high VitD3 did not appear to be due to hyperexcitability, because slice survival and integrity were comparable across groups.
Discussion
Despite growing concerns that vitamin D deficiency is a risk factor associated with unhealthy cognitive aging, few studies have investigated the effects of chronic vitamin D (VitD3) supplementation. It is therefore unclear whether a potential causal relationship exists. Here, we examined the effects of long-term dietary manipulation of serum vitamin D (25OHD) and tested the hypothesis that cognitive decline with aging can be slowed or prevented by higher vitamin D levels. Middle-aged male F344 rats were fed diets containing low, medium (NRC-required), or high VitD3 for 5-6 mo, followed by assessments of cognitive function, hippocampal electrophysiology, and gene expression. The results of our study provide evidence of a potential cause-and-effect relationship because raising 25OHD levels prevented age-related cognitive decline. In addition, these studies identify effects on synaptic function as a mechanism by which vitamin D may promote healthy brain aging (Fig. 6 ). There are relatively few risks associated with increased vitamin D intake, especially when taken in the inactive form (VitD3 or cholecalciferol) (45) . The most concerning potential side effect is hypercalcemia; however, hypercalcemia is rarely seen except at serum 25OHD levels far exceeding those levels recommended for optimum health (45) . The animals on the high-VitD3 diet in this study had 25OHD levels of ∼30 ng/mL with no changes in serum calcium ( Fig. 2 and Table 1 ).
Higher Vitamin D Levels Reduce Cognitive Deficits at Middle Age. The MWM task is used to test spatial reference memory and is widely thought to have relevance for human hippocampal-dependent memory (46) (47) (48) (49) (50) . Although not as commonly used, reversal learning in the MWM is more difficult than the standard task, and therefore can be used to detect subtle memory deficits (46) . Further, because of its more complex nature, reversal learning may be viewed as a task of executive function (51, 52) . The middle-age period is often characterized by the onset of such subtle changes in cognitive performance, most notably in executive function and processing speed (32, 53, 54) . We initially assessed spatial reference memory, where rats were trained to locate a hidden platform in a specific location, and found no significant differences among groups of middle-aged animals treated with varying levels of vitamin D. During spatial reversal, however, the animals were required to learn a new platform location in a single day and then to remember the new location after several days. This more difficult RXR, retinoid-X receptor. *P value: Significance of up-regulation from microarray. † VDRE consensus sequence from Jaspar motif database: Pu-G-G/T-T-C/G-A-nnn-Pu-G-G/T-G/T-C-A. Underlined T's represent highly conserved nucleotides in the classic consensus VDRE (43) . ‡ Sequence quality score according to analysis with Partek Genomics software.
task required differentiating an old, now irrelevant, memory from a new one, and it may involve both the hippocampus and higher cortical regions. The low-and medium-VitD3 groups demonstrated deficits and struggled to recall the new platform location, appearing lost or confused during the reversal probe. The highVitD3 group, on the other hand, performed this task extremely well, reaching the goal in half of the time and distance compared with the other two groups. Therefore, these results suggest that higher serum levels of 25OHD may be protective against some of the early, subtle changes in cognitive function.
Vitamin D Targets the Molecular Machinery of the Synapse. A common feature of brain aging is a decrease in synaptic strength or impaired communication between neurons (32, 44, (55) (56) (57) (58) . Synaptic connections become dysfunctional, perhaps in part as a result of reduced vesicle trafficking and neurotransmitter release, causing diminished plasticity (56, (59) (60) (61) . These changes may contribute to age-related cognitive decline and appear to be among the earliest age-related changes that occur in the brain. In aging animals, high VitD3 up-regulated multiple genes/functional pathways involved in synaptic vesicle trafficking and neurotransmission (Table 2) . Several genes, including synaptojanin 1 and synaptotagmin 2, contain a potential VDRE in their promoter region and may be subject to direct modulation by vitamin D (Table 3) . Up-regulation of both of these genes was also confirmed by an increase in the immunoreactivity of the corresponding protein in the hippocampus (Fig. 4) . At presynaptic terminals, synaptojanin 1 aids in the recycling of synaptic vesicles through its phosphatase activity, whereas synaptotagmin 2 initiates vesicle docking and fusion to the presynaptic membrane through its calcium-sensing function, ultimately resulting in the release of neurotransmitter (62, 63) . Another component of the presynaptic machinery increased with high VitD3 was vesicular glutamate transporter 2, a vesicular transporter that packages glutamate into presynaptic vesicles and makes it available for release at the synapse (64, 65) .
Other genes important for pre/postsynaptic function were also upregulated by VitD3 (Table 2 and Dataset S1). These genes included calcium/calmodulin-dependent protein kinase IIδ (CaMKIIδ) and receptors for several major neurotransmitters (dopamine, glutamate, and serotonin). The CaMKIIs are calcium-activated enzymes enriched at postsynaptic sites, and abundant evidence suggests that they enhance synaptic strength and memory formation (66) . CaMKIIδ is localized to the nucleus and plays a key role in modulating activity-dependent gene transcription via the cAMP response element binding protein (CREB), a major transcription factor. CaMKIIδ phosphorylates CREB, leading to the expression of BDNF, a CNS growth factor that enhances neurogenesis, dendritic outgrowth, and synaptic plasticity, all of which are believed ultimately to facilitate memory (32, (66) (67) (68) . Another transcription factor that targets BDNF and is up-regulated by high VitD3 was nuclear receptor 4A2 (Nr4a2), which belongs to a family of orphan nuclear receptors. Nr4a2 is regarded as a promising target for enhancing cognition because it appears to have a role in selectively promoting the consolidation of longterm memories (69) , such as demonstrated here by high-VitD3 animals on the spatial reversal task (Fig. 3 D and E) .
Additional Pathways Potentially Related to Cognitive Function.
Consistent with its role as a calcium-regulating hormone in the periphery (1-3, 5, 7, 70) , we found that vitamin D also targeted calcium-regulatory pathways in the hippocampus (Table 2) . These results complement the effects on synaptic function, because synaptic processes are also calcium-dependent. We and others have shown that calcium dyshomeostasis plays a key role in brain-aging processes (44, 56, 71) and have demonstrated that vitamin D reverses calcium-related electrophysiological markers of brain aging (24, 27) . Together, these results suggest that the effects of vitamin D on calcium regulation and synaptic function may interact to counter cognitive decline with aging.
Other studies have found related effects of vitamin D on select genes involved in neuronal function, including genes for neurotrophic factors, calcium-binding proteins, and proteins involved in neurotransmitter synthesis (20, 30) . Some studies have also implicated compounds containing vitamin D in countering glial reactivity (28) . We and others have previously shown that genes involved in glial reactivity and inflammation, which may alter neuronal energy metabolism, are among the earliest affected by brain aging and are correlated with cognitive impairment (28, 34, 41, 72, 73) . The observation here that vitamin D is to able maintain and enhance synaptic function, apparently by increasing expression of key synaptic molecules, raises the possibility that vitamin D acts directly on neuronal pathways and does not interact directly with glial responses in aging.
There is also a well-documented association of vitamin D deficiency with demyelinating disorders, such as multiple sclerosis (1) (2) (3) 74) . Although the DAVID analysis (Table 2) did not identify a functional pathway specific for myelin-related processes, genes for contactin 4 and beta-1-syntrophin were upregulated with high VitD3 (Dataset S1). These genes contain a putative VDRE (Table 3) and are known to play key roles in myelin structure and function. Contactins, in particular, are critical for anchoring myelin to the axon, and their deletion results in impaired nerve conduction (75) . Moreover, contactin and its anchoring complex decrease in the CNS with age (34, 76, 77) . Given that alterations in myelin and the resultant slowing of conduction are linked to impaired brain function (78, 79) , the up-regulation of contactin and syntrophin by vitamin D may reflect another mechanistic pathway by which vitamin D enhances cognitive function in aging (80) . Fig. 6 integrates the myelin-related changes, along with changes at the synapse, into a proposed model showing how VitD3 may facilitate synaptic transmission and influence cognitive processes such as memory.
Conclusions
Our studies raise the question of their relevance for human cognitive aging. Notably, several aspects of brain aging in this animal model mirror brain aging in humans (81) . First, the initial signs of cognitive aging, characterized by subtle deficits, occur at approximately the same time in the lifespan of humans and rats, during middle age (32) (33) (34) 82) . Second, the behavioral task used here, assessing hippocampal-dependent spatial memory, also has relevance for human memory because patients with hippocampal lesions perform poorly in a virtual maze test (47, 48) . Finally, the vitamin D levels achieved here model clinically relevant levels found in humans, ranging from deficient to sufficient (70, 83, 84) , and animals with the highest 25OHD levels, considered "optimal" by some recommendations (5, (85) (86) (87) (88) , outperformed animals with lower levels on a challenging cognitive task.
Because there are few dose-response studies with vitamin D (89) , it has been difficult to determine what levels are most favorable for achieving benefits beyond the known effects on bone (88) . Lower levels, however, are increasingly associated with negative effects for the brain in human and animal studies (1-8, 11-14, 16, 17, 30, 74, 90-92) . Additional studies are required to confirm the present findings and to better understand the underlying mechanisms, especially as they relate to cognitive health. Importantly, clinical intervention trials are currently underway, which will assess the effects of supplementation [2,000 international units (IU) of VitD3 daily] on cognitive decline in older adults (VITAL-Cog, DO-HEALTH) (93) . Given that the initial signs of cognitive aging emerge at middle age and that age-related brain disorders, such as Alzheimer's disease, are believed to have a long preclinical phase (94), our results raise the issue of the timing of the intervention. Thus, intervention with vitamin D at earlier stages of aging may be more efficacious in promoting healthy cognitive aging and slowing the appearance of multiple markers of the brain-aging process (95) .
Materials and Methods
More detailed methods are provided in SI Materials and Methods.
Animals and Vitamin D Diets. All protocols were approved by the Institutional Animal Care and Use Committee of the University of Kentucky. Sixty middleaged male F344 rats (11-13 mo old) were divided into three groups and fed different dietary amounts of cholecalciferol (VitD3) (70) for 5-6 mo. The purified AIN-93 (Harlan-Teklad) diet was modified such that each kilogram of diet contained 100 IU (low), 1,000 IU (medium, typical amount) or 10,000 IU (high) VitD3. Animal weights (Fig. S1 ) and food intake (Table 1) were measured two to three times per week.
MWM. MWM procedures were similar to the procedures previously described (96) . Briefly, animals were trained to find a submerged platform in a pool of water (days 1-3). After learning and memory of this task were assessed (day 4), the platform was moved and rats were trained to learn a new platform location (day 5). Memory for the new location was assessed on day 8 (Fig.  3A) . Maze performance was evaluated by measuring path length and latency to the platform.
Tissue Isolation/Blood Analyses. Rats were deeply anesthetized and perfused with ice-cold saline, and brains were removed following decapitation. The right hemisphere was placed in 4% (wt/vol) paraformaldehyde and used for IHC. The hippocampus of the left hemisphere was dissected for microarray analyses. Blood spots were collected, and 25OHD levels were measured by ZRT Laboratory using LC-MS/MS methods (37) (Fig. 2) . The 25OHD levels detected by LC-MS/MS correlate well with 25OHD levels obtained by radioimmunoassay (36, 37) ; however, they are somewhat lower because LC-MS/MS can distinguish 25OHD from other vitamin D metabolites (e.g., 24,25OHD, lactone form) (97) . A chemistry panel was also performed on isolated serum (IDEXX RADIL, Research Animal Diagnostic Laboratory at the University of Missouri) ( Table 1 and Table S1 ).
Microarrays. Microarray procedures and analyses were performed as in prior work (34) . Briefly, hippocampal RNA was isolated, quantified, and checked for RNA integrity. One low-VitD3 sample failed RNA quality control. The remaining RNA samples were applied to Affymetrix Rat Gene 1.0 ST arrays (one array per subject). Prestatistical filtering removed poorly annotated probe sets, low-intensity signals, and outlier values (>2 SD of the group mean). Filtered data were analyzed by one-way ANOVA to identify significant differences, and the FDR procedure (31, 38) was used to estimate the error of multiple testing. Significant genes were assigned to one of four idealized expression patterns using Pearson's test and were separated by the sign of their correlation; relative gene expression values are provided on the log-2 scale (Dataset S1). Functional categorization for significant genes was determined using DAVID bioinformatic tools (39, 42) (Table 2) . Results have been uploaded to the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/).
Identification of Putative VDREs. Partek Genomics software was used to identify significant genes containing a motif that shared at least 70% homology with the classic VDRE (Pu-G-G/T-T-C/G-A-nnn-Pu-G-G/T-G/T-C-A) (43) .
IHC. VDR and the microarray-identified synaptojanin 1 and synaptotagmin 2 were selected for IHC analysis on 30-μm hippocampal sections. Immunoperoxidase staining was performed following incubation in primary antibody solutions for 2-3 d and appropriate secondary antibody for 1 h. Because expression of synaptojanin and synaptotagmin did not differ between the low-and medium-VitD3 groups, they were combined and compared with high VitD3.
Electrophysiology. Analyses were performed on isolated hippocampal slices from rats not used for microarrays or IHC (Fig. 1) . Hippocampal slices were obtained, and LTP was recorded as previously described (96) . I/O relationships were examined by recording fEPSPs in the CA1 region resulting from stimuli of increasing intensity.
Statistics. Food intake, blood chemistry, and behavior and electrophysiology data were analyzed by one-way ANOVA with the Newman-Keuls multiple comparison post hoc test. The Student t test was used for IHC, and a paired t test was used for body weight comparisons. Statistical significance was defined as P ≤ 0.05. Results are expressed as the average ± SEM.
